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Abstract

:

We propose here a novel green synthesis route of core-shell magnetic nanomaterials based on the polyol method, which uses bio-based substances (BBS) derived from biowaste, as stabilizer and directing agent. First, we studied the effect of BBS concentration on the size, morphology, and composition of magnetic iron oxides nanoparticles obtained in the presence of BBS via the polyol synthesis method (MBBS). Then, as a proof of concept, we further coated MBBS with mesoporous silica (MBBS@mSiO2) or titanium dioxide (MBBS@TiO2) to obtain magnetic nanostructured core-shell materials. All the materials were deeply characterized with diverse physicochemical techniques. Results showed that both the size of the nanocrystals and their aggregation strongly depend on the BBS concentration used in the synthesis: the higher the concentration of BBS, the smaller the sizes of the iron oxide nanoparticles. On the other hand, the as-prepared magnetic core-shell nanomaterials were applied with good performance in different systems. In particular, MBBS@SiO2 showed to be an excellent nanocarrier of ibuprofen and successful adsorbent of methylene blue (MB) from aqueous solution. MBBS@TiO2 was capable of degrading MB with the same efficiency of pristine TiO2. These excellent results encourage the use of bio-based substances in different types of synthesis methods since they could reduce the fabrication costs and the environmental impact.
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1. Introduction


Nowadays, magnetic nanoparticles and nanostructured magnetic materials with core-shell type structure are attracting widespread interest in material science due to their potential applications in many fields, including environmental remediation, drug delivery, magnetic resonance imaging, electronics, sensor developments, etc. [1]. Additionally, there are several new applications of magnetic nanoparticles and nanomagnetic fluids such as temperature sensors, heat exchangers, magnetic actuators, and energy harvesters that open up new possibilities for the development of these fields [2,3,4]. Among the magnetic nanomaterials, magnetic iron oxide nanoparticles (IONPs) (e.g., magnetite,Fe3O4, and maghemite,g-Fe2O3), have been widely studied due to their superparamagnetic behavior and because they are more environmentally friendly compared to other metals such as the Co and the Ni. [5,6]. Different methodologies have been implemented to prepare IONPs, such as coprecipitation, micelle synthesis, sol-gel method, thermal decomposition, and polyol method [7]. Among these synthetic methods, the polyol method is a well-suited technique to obtain pure and monodispersed nanoparticles with a narrow and controllable size distribution [8]. In this method, ferric salts mixed with a stabilizer are dissolved in a solvent, such as glycols (e.g., ethylene glycol or diethylene glycol), and heated to the boiling point of the solvent. The stabilizers are normally surfactants or polymers, whose main function is to regulate the size of the primary nanocrystals and secondary aggregates [9]. Various substances were studied as stabilizer including sodium citrate [10,11,12], polyethylene glycol (PEG) [13], polyacrylic acid (PAA) [14,15,16], polyvinylpyrrolidone (PVP) [17], cetyltrimethylammonium bromide (CTAB) [9], and sodium dodecyl benzene sulfonic acid (SDBS) [15]. However, a major drawback of using some synthetic surfactants is their lack of biodegradability or biocompatibility (e.g., PAA), or their toxicity (e.g., CTAB and SDBS), what discourages their applications.



The replacement of synthetic stabilizer with substances deriving from the treatment of biowaste is considered as a green process since it values waste as a source of renewable raw material for the synthesis of new technological materials, which leads to a reduction in the manufacturing costs and environmental impact. Aerobic biodegradation of the wet organic fraction of municipal waste has been shown to yield polymeric bio-based substances (BBS), which have chemical similarities to humic substances and possess surfactant properties which make them suitable as green auxiliary synthesis reactants [18,19]. In particular, BBS were used in the synthesis process of different materials as a structure directing agent in the preparation of mesoporous silica nanoparticles due to their ability to form micelles [20], as sacrificial carbon in the formation of zero-valent iron nanoparticles from carbothermal synthesis [21], and as stabilizer for the generation of silver nanoparticles [22]. On the other hand, BBS-coated magnetic nanoparticles and magnetic nanocomposites prepared using BBS have been successfully employed as adsorbents [23,24,25], photo-Fenton catalysts [26], and photocatalysts [27,28] for water treatment processes. However, the role of BBS as synthesis aids in the polyol method for the preparation of IONPs has not been addressed. Furthermore, since BBS could act as both nucleation directing agents and structure directing agents, they may play a critical role in the synthesis of nanostructured magnetic core-shell materials.



This paper investigates the possible application of BBS as green aids to act as stabilizers in the preparation of IONPs via polyol synthesis method and as nucleation directing agents in the synthesis of nanostructured core-shell magnetic oxide particles. For the latter, the as-prepared BBS-modified IONP nanoparticles were coated with mesoporous SiO2 and TiO2, and two types of magnetic core-shell structured nanoparticles, MBBS@mSiO2 and MBBS@TiO2, were prepared. Finally, the performance of nanostructured magnetic core-shell nanoparticles in specific applications was evaluated. The potential application of BBS in the preparation of nanomaterials opens up new ways for the development of novel synthesis strategies and represents an economically sustainable method of waste valorization.




2. Results and Discussion


2.1. Syntehsis of IONPs Using BBS


First, IONPs without BBS (Fe3O4) and with different amounts of BBS (35 mg, 70 mg, 200 mg, 500 mg and 1000 mg) were prepared via the polyol method. The obtained nanoparticles were called MBBS-X, where X stand for the mass of BBS used in the synthesis. The morphology of MBBS was studied by TEM images. Bare magnetite (Figure 1A) consists of spherical nanoparticles with a mean diameter of circa 80 nm with wide particle size distribution and poor dispersity. Figure 1B–D shows typical TEM images of the samples obtained with different BBS loads. It can be observed that the size of the nanocrystals and the secondary aggregates (or clusters) depend on the BBS concentration used in the synthesis. A particle size distribution obtained from the TEM images for each material is shown in Figure S1, Supplementary Materials. In particular, for MBBS-35 particles (Figure 1B), well-defined roughly spherical clusters with diameters of about 70–200 nm are observed. The clusters are composed of self-assembled small primary nanocrystals and an outer layer of organic matter less than 10 nm thick, as estimated from the lighter shell surrounding the cluster (Figure S2, Supplementary Materials). In sample MBBS-200, clusters with less geometrical shape are observed (Figure 1C). As the concentration of BBS increases, large aggregates of small IONPs are observed without a defined shape (e.g., sample MBBS-1000, Figure 1D). Additionally, sample MBBS-1000 showed IONPs with the smallest particle size, which were around 5 nm (Figure S3, Supplementary Materials). These results suggest that BBS regulates the size of IONPs by limiting the growth of nanoparticles, the higher the concentration of BBS, the smaller the sizes of the IONPs. Furthermore, at high BBS concentration, BBS coated the majority of small IONPs, which avoids the formation of spherical cluster.



In order to characterize the presence of BBS on the surface of the obtained IONPs, FTIR spectra were performed (Figure 2A). The band at 1080 cm−1 (νC-O), associated with organic matter, increases in intensity with the amount of BBS. The carboxylate group band (1620 cm−1) and the carboxylate-iron stretching signal (1400 cm−1) [29] are observed in all spectra, which suggests that carboxylate groups indeed play an important role in the bonding of the BBS to the IONPs surface. This result is in agreement with previous reports obtained for BBS-coated Fe3O4 nanoparticles prepared via the coprecipitation method [23]. The presence of carboxylate bands in the Fe3O4 spectrum could be due to the fact that sodium acetate was not completely removed in the washing steps. In the lower frequency FTIR region, the samples showed characteristic signals assigned to Fe-O bonds. The broad band in the range of 500–800 cm−1 is due to the stretching vibration of the Fe-O in tetrahedral sites (ν1) [30]. The ν1 frequency for Fe3O4 is observed at 567 cm−1. It is important to note that this vibration mode was broadened after BBS coating and at high BBS amounts a splitting is observed, which might be due to symmetry lowering [31]. The broadening is due to the statistical distribution of cations over the octahedral and tetrahedral sites, while the local symmetry is disturbed [32]. Taking this into account, we propose that the interaction of BBS with surface Fe atoms induces a change in the local symmetry of the outer tetrahedral sites likely to result in peak broadening.



The XRD patterns of MBBS (Figure 2B) were recorded to determine the crystalline phases present in the nanoparticles. All diffractograms are very similar and show main diffraction peaks in good agreement with a reference pattern of magnetite. In particular, the XRD peak positions at 30.1 (220), 35.4 (311), 43.1 (400), 53.4 (422) 56.9 (511), and 62.5 (440) perfectly match with the lattice planes of magnetite (Card number 01-075-1610, ICDD Database). The phase identification of magnetite and maghemite by the conventional X-ray diffraction method is not a simple matter because both have the same cubic structure and their lattice parameters are almost identical [33]. However, the presence of doublets at the high-angle peaks as (5 1 1) and (4 4 0) is indicative of the presence of magnetite and maghemite in the samples [34]. Furthermore, a decrease in the lattice constant for the peaks (5 1 1) and (4 4 0) of magnetite is also indicative of the formation of maghemite [35]. For MBBS samples, a two-peak convolution was not noticed for the (5 1 1) and (4 4 0) planes and we did not observe any decrease in the lattice constant for the (5 1 1) and (4 4 0) peaks with respect to the Fe3O4 nanoparticles prepared without BBS. Therefore, this could indicate that in our samples Fe3O4 is the main phase of magnetic iron oxide, however, the presence of a small amount of maghemite cannot be ruled out. No other crystalline materials are detected, which indicates that BBS act as good stabilizer to obtain IONPs via the polyol method.



In order to determine the quantity of organic matter in MBBS samples, a thermogravimetric analysis (TGA) was performed. The amount of organic matter was calculated by measuring the total mass loss up to 1000 °C (Table S1, Supplementary Materials). As can be seen in Figure 3A, the BBS loading on the IONPs increases with the amount of BBS used in the synthesis, reaching the maximum value of near 47.2 wt.%.



The magnetic properties of MBBS samples and bare magnetite were evaluated by magnetization curves (Figure S4 and Table S2, Supplementary Materials). Magnetic saturation values (Ms) decrease with an almost linear relationship with the BBS loading (Figure 3B). The decrease in the saturation magnetization may be due to the non-magnetic fraction as well as the reduction in particle size. It is important to note that the larger the BBS loading, the smaller the coercivity (Figure 3B). This is due to the particles approaching superparamagnetism with size reduction [36,37]. For spherical magnetite nanoparticles, the critical superparamagnetic size is 26 nm [36], thus samples with high BBS content lead to superparamagnetic behavior. These results evidence the critical role of the adsorbed BBS on the magnetic properties of the IONPs.



Zeta potential values of bare magnetite and BBS coated IONPs measured in 10−2 M KCl aqueous solutions at pH 3, 6, and 10 are shown in Table S3, Supplementary Materials. The isoelectric point of Fe3O4 nanoparticles is 7.2 [38], which indicates that at lower pH values it presents positive charge. Because BBS is negatively charged in the range of pH 3−10, the positive charge observed for MBB-35 and MBB-70 at pH 3 could be the consequence of the limited covering of the IONPs surface by BBS. However, when higher amounts of BBS are used (i.e., MBB-200, MBB-500, and MBB-1000), a negative charge on the surface of the nanoparticles is observed over all the three pH values (3, 6, 10). Additionally, zeta potential becomes more negative as the pH increases because of the dissociation of carboxylic and phenolic groups of BBS [23].




2.2. MBBS@mSiO2 and MBBS@TiO2 Nanoparticles


In order to evaluate the role of BBS as a nucleation directing agent in the synthesis of nanostructured core-shell magnetic oxide particles, IONPs were coated directly by two types of common inorganic materials, mesoporous silica (mSiO2) and titanium dioxide (TiO2). Due to its magnetic properties, cluster size and particle size distribution we selected MBBS-35 for the synthesis of core-shell nanomaterials, which were named MBBS@mSiO2 and MBBS@TiO2. As control experiments, the synthesis of core@shell magnetic nanoparticles was performed with Fe3O4 nanoparticles prepared in the absence of BBS. No core@shell structure was formed, either for mSiO2 or for TiO2, when the IONP nanoparticles without BBS were used in the synthesis (data not shown). On the contrary, TEM images of MBBS@mSiO2 show that the material consists of nanoparticles of spherical morphology with a dark core (iron oxide) covered by a quite uniform lighter porous shell (mesoporous silica) of c.a. 20 nm in thickness (Figure 4). This result evidences that BBS plays an important role in the growth of the mSiO2 layer on the surface of IONPs. It is likely that the negatively charged carboxylate groups on MBBS surface interact with the positively charged CTAB molecules leading to the growth of the mesoporous silica layer onto the BBS-coated IONPs. FTIR spectra (Figure S5, Supplementary Materials) also support the presence of silica on the surface of IONPs. The wide band with a peak at around 1084 cm−1 is associated with the stretching vibration of the Si–O–Si bond from the silica framework. The peak at 571 cm−1 corresponds to Fe-O stretching, whereas the bands at 3430 cm−1 and 1632 cm−1 can be associated with O–H stretching and H–O–H bending vibrations from absorbed water. The XRD pattern of MBBS@mSiO2 (Figure 5A) indicates that the IONPs did not undergo any crystalline transformation to non-magnetic iron oxide phases during the mSiO2 synthesis step and its subsequent calcination. The broad peak at around 2θ = 24° is assigned to the halo pattern of amorphous SiO2 [39].



The small-angle XRD patterns of MBBS@SiO2 (Figure 5B) exhibit an intense peak at about 2θ = 2.2° and a weak peak at 2θ = 3.9°, which correspond to (100) and (110) Bragg reflections of MCM-41 according to previous reports [40,41]. This suggests a well-ordered hexagonal array of mesopores. The porous structure of silica shell was further investigated by the N2 adsorption–desorption technique (Figure S6A, Supplementary Materials). The N2 adsorbed quantity, the specific surface area (SBET), and the pore volume (PV) resulted to be higher for MBBS@SiO2 (SBET = 136 m2 g−1, Pv = 0.135 cm3 g−1) compared to MBBS-35 (SBET = 23 m2 g−1, Pv = 0.056 cm3 g−1). This result is consistent with a mesoporous shell covering MBBS-35. MBBS@mSiO2 displays type IV isotherms and H4 hysteresis loop according to IUPAC classification [42]. This behaviour can be related to the presence of pores in the mesopore range, as well as other pores with bigger diameters [43]. However, BJH pore size distribution (Figure S6B, Supplementary Materials) only shows a uniform mesoporous size of 2.9 nm, thus the larger pore size could be due to particle aggregation.



Magnetic hysteresis curve at room temperature of MBB@mSiO2 is shown in Figure S7, Supplementary Materials. MBBS@mSiO2 still displays a superparamagnetic behavior with low coercivity and remanence, similar to MBBS-35, and a magnetic saturation (Ms) value of 48.6 emu g−1 (Table S2, Supplementary Materials). It can be observed a reduction in Ms of MBBS@mSiO2 compared to uncovered MBBS-35 (Ms = 75.4 emu g−1), which is often attributed to presence of the diamagnetic silica [44].



The preparation of MBBS@TiO2 was carried out via the sol-gel method using titanium (IV) butoxide (TBOT) as precursor of TiO2. Noteworthily, no additional stabilizers/templates were used in the synthesis processes. TEM images of MBBS@TiO2 showed the successful formation of a homogeneous TiO2 layer on the surface of the IONPs with a thickness ranging between 15 and 33 nm (Figure 6 and Figure S8, Supplementary Materials). In this case, the hydroxyl and carboxylic groups of MBBS can promote intermolecular interactions with TBOT, leading to a uniform deposition of the TiO2 layer onto the BBS-coated IONPs. The XRD pattern of MBBS@TiO2 (Figure S9, Supplementary Materials) evidenced the formation of anatase as the only TiO2 crystalline phase in the nanoparticles. Additionally, hematite (α-Fe2O3) and Fe3O4 were detected in the XRD diffraction pattern, which indicates that some oxidation degree of IONPs occurred in the calcination process at 500 °C. Magnetic curves obtained at 300 K clearly revealed a superparamagnetic behavior for MBBS@TiO2 with a Ms value of 19.7 emu g−1 (Figure S7, Supplementary Materials). This lower Ms value compared to MBBS-35 can be explained by the presence of non-magnetic phases, such as the TiO2 layer and hematite. Despite this, MBBS@TiO2 nanoparticles possess a strong magnetic response and can be easily recovered by applying an external magnetic field.



Magnetic core@shell nanoparticles have a wide range of applications in different research fields. In particular, due to its remarkable surface and magnetic features, MBBS@mSiO2 raw or functionalized is a promising material for technological applications, such as adsorption [45,46], chromatography [47], and drug delivery [39], whereas MBBS@TiO2 is a promising photocatalyst for environmental remediation [48]. In this study, we tested two potential applications of MBBS@mSiO2, as a drug carrier and as adsorbent of pollutants from aqueous media.



The drug cargo capacity of MBBS@mSiO2 by using ibuprofen (IBU), a well-known anti-inflammatory drug, was performed. The drug loading capacity, DLC (%) was defined as follows:


DLC (%) = (mass of IBU released/mass of nanoparticles) × 100



(1)







Figure 7A shows the gradual release of IBU from MBBS@mSiO2 at different times. The DLC of MBBS@mSiO2 results to be around 13%, making them a good candidate as a drug delivery system. To better control the IBU release, the surface of MBBS@mSiO2 should be modified with appropriate release triggers that specifically react with response to stimuli [49]. Thus, MBBS@mSiO2 could be a potential starting material for a subsequent modification that results in a controlled drug delivery system.



On the other hand, MBBS@mSiO2 was tested as adsorbent for the removal of methylene blue (MB), a toxic cationic dye that is used in textile industry. Figure 7B shows the % MB removal at different times. A very fast adsorption of MB can be observed, achieving a 76% dye removal in the first 15 min. Figure S10, Supplementary Materials, shows the evolution of UV-Vis spectra of MB at different times. The adsorption capacity of MB found for MBBS@mSiO2 was similar to those of other magnetic mesoporous silicas reported in the literature [45].



MBBS@TiO2 was studied as photocatalyst for the degradation of MB. Figure S11, Supplementary Materials, shows the evolution of the UV-Vis spectra of MB solution when irradiated in the presence of MBBS@TiO2. The absorbance values at 664 nm were used to follow the MB photobleaching kinetics. For comparison purpose, MB photodegradation experiments were also carried out with TiO2 synthesized in the absence of IONPs nanoparticles, but keeping the rest of the synthesis parameters unchanged. In these photocatalytic experiments, the same load of TiO2 was used, so it was considered that MBBS@TiO2 have an approximately composition of 33 wt.% of TiO2. This composition was roughly estimated from the average size of cores and shells determined by TEM and the densities of pristine Fe3O4 and TiO2. Figure 8 compares the evolution of the normalized absorbance at 664 nm with the reaction time obtained for MB degradation performed with MBBS@TiO2 and TiO2. It can be seen that MBBS@TiO2 is capable of degrading MB with the same efficiency of pristine TiO2. This is an excellent result, since a direct contact between Fe3O4 and TiO2 typically brings about an unfavorable heterojunction, which accelerates the recombination of the electron–hole pairs and weakens the photocatalytic activity of titanium-based catalysts [50]. It was reported that the addition of a silica layer between an iron oxide core and a titania shell promotes the photocatalytic activity by decreasing the charge transfer between the IONPs and TiO2, which could otherwise result in the recombination of photogenerated species on the IONPs surface [51]. Therefore, in our case, it is probable that BBS avoid the formation of a Fe3O4/TiO2 heterojunction.





3. Materials and Methods


3.1. Reagents


FeCl3x6H2O (>99%) was purchased from Anedra (Buenos Aires, Argentina). Sodium acetate trihydrate (99%), ammonia solution (25–30), and absolute ethanol were obtained from Cicarelli (Santa Fe, Argentina). Cetyltrimethylammonium bromide (CTAB, >97%) was purchased from Merck (Burlington, MA, USA). Ibuprofen, Tetraethoxylsilane (TEOS, 98%) and titanium (IV) butoxide (TBOT, 97%) were from Sigma-Aldrich (Burlington, MA, USA). Acetonitrile (HPLC grade) was purchased from Biopack (Worcester, UK). All reactants were used without further purification. BBS were obtained following a previously reported protocol [22]; briefly, 50 g of green compost was treated with 1 L of 6 M NaOH aqueous solution under stirring at 60 °C for 4 h. The reaction mixture was then separated by centrifugation. The supernatant was concentrated, and different fractions were separated through a lab-scale ultrafiltration unit equipped with a membrane (molar mass cut-off 5 kDa). The retentate fraction was then dried at 60 °C for 24 h. The obtained BBS was about 20–30% in mass of the starting compost. Chemical composition of BBS is detailed in Table S4, in the Supplementary Material.




3.2. Syntehsis of IONPs and Core-Shell Magnetic Nanoparticles


The synthesis of magnetite nanoparticles was performed by a modification of the polyol method [52]. Briefly, 1.35 g of FeCl3x6H2O, 6 g of sodium acetate trihydrate and a defined mass of BBS (35 mg, 70 mg, 200 mg, 500 mg and 1000 mg) were dissolved in a Teflon vessel containing 50 mL of ethylene glycol. Thereafter, the Teflon vessel was placed into a stainless-steel autoclave reactor and heated at 200 °C for 8 h. Once cooled, the obtained black material was washed with ethanol and water. The solid was separated from the supernatant with the assistance of a Neodymium magnet in all washing steps. The obtained materials were named as MBBS-35, MBBS-70, MBBS-200, MBBS-500, and MBBS-1000 depending on the amount of BBS used in the synthesis process. Additionally, Fe3O4 without BBS was prepared with the same method as a reference material.



The covering of MBBS-35 with a mesoporous silica shell (MBBS@mSiO2) was performed following our previous report [53]. In brief, 400 mg of MBBS-35, 500 mg of CTAB and 1.75 mL of ammonia solution were mixed in 250 mL of water. The suspension was kept under vigorous stirring and heating for 30 min. When the temperature reached 80 °C, 2.5 mL of TEOS was added drop by drop and the reaction was kept at 80 °C for 2 h. After cooling, the obtained material was magnetically separated, washed with distilled water and dried in an oven at 70 °C overnight. Finally, CTAB and BBS were removed by calcination in a furnace (500 °C for 1 h in air) and the final product was named as MBBS@mSiO2.



MBBS-35 coating with titanium dioxide shell (MBBS@TiO2) was performed via a sol-gel method [54]. For this, 50 mg of MBBS-35 were dispersed by sonication in a mixture of 90 mL absolute ethanol/30 mL acetonitrile. Then, 0.5 mL of ammonia solution and 1.0 mL of TBOT was added and the dispersion was kept under stirring at 25 °C for 1.5 h. Later, the sample was washed with ethanol, magnetically separated and dried at 70 °C. Then, the obtained material was calcined in argon atmosphere at 500 °C for 9 h. Pure TiO2 nanoparticles were also prepared for comparison.




3.3. Application of Core-Shell Magnetic Nanoparticles


MBBS@mSiO2 was evaluated as potential drug carrier. For this end, the drug loading capacity (DLC) using ibuprofen as model drug was measured according to our previous report [53]. First, MBBS@SiO2 were loaded with IBU. For this, 20 mg of nanoparticles were dispersed in a hexane solution of IBU (0.16 M) and the system was kept under magnetic stirring in a closed flask for 24 h. Afterwards, the nanoparticles were magnetically separated from the supernatant and washed once with hexane. Later, a release of ibuprofen assay was conducted. For this purpose, fresh 0.9% NaCl was added to the flask containing the loaded nanoparticles. The system was stirred and at defined times an aliquot was magnetically separated and measured in a UV spectrophotometer (UV-T60, PG Instruments, Leicestershire, UK) to quantify the released amount of IBU (λ = 264 nm).



The photocatalytic activity of MBBS@TiO2 was tested via the degradation of aqueous solutions of methylene blue (MB). The photochemical experiments were performed in a 200 mL cylindrical Pyrex vessel at room temperature and under continuous stirring. A solar simulator (SunLite™, ABET Technologies, Milford, CT, USA) equipped with a 100 W Xenon Short Arc Lamp was used as irradiation source. In all the experiments, the initial concentration of MB was 5 mg L−1, and the load of the photocatalyst were 120 mg L−1 and 40 mg L−1 for MBBS@TiO2 and TiO2, respectively. The aqueous suspensions were irradiated for 4 h, and 3 mL aliquots were taken at different times. The separation of the supernatant was achieved by magnetic separation. Finally, the residual MB concentration was determined by UV-Vis Spectrophotometry.




3.4. Characterization Tecnhiques


Transmission electron microscopy (TEM) images were obtained using a Tecnai F20 (G2) UT microscope (ThermoFisher, Waltham, MA, USA), operated at 200 kV. X-ray diffraction (XRD) patterns were obtained on a SmartLab SE 3 KW (Rigaku, Tokyo, Japan) equipped with Cu anode (45 kV, 40 mA) and a graphite monochromador. Fourier transform infrared (FTIR) spectra were recorded by using an FT-08 spectrophotometer (Lumex, Wakendorf II, Germany) on KBr pellets (1/300 wt.) in transmission mode with 128 scans at 4 cm−1 resolution. Thermogravimetric analysis (TGA) was performed with a TGA-DSC Q600 Thermogravimetric Analyzer (TA Instruments, New Castle, DE, USA). The samples were pre-dried for 30 min at 100 °C before the analysis (heating rate of 10 °C min−1 from room temperature to 1000 °C in air). The analysis of textural properties was conducted with N2 adsorption/desorption isotherms on previously degassed samples (105 °C for 12 h) at 77 K using an ASAP 2000 sortometer (Micromeritics, Norcross, GA, USA). The specific surface area was calculated via the Brunauer-Emmett-Teller (BET) method, the pore volume was calculated using Gurvich’s rule at relative pressure p/p0 = 0.98 and the pore size distribution was calculated according to the Barrett–Joyner–Halenda (BJH) method. Magnetization curves were registered at 300 K by using 7300 vibrating sample magnetometer (LakeShore, Westerville, OH, USA). The zeta potential measurements were carried out by using a zetasizer nano (Malvern Instruments, Malvern, UK).





4. Conclusions


A novel procedure based on the polyol method was applied for the synthesis of IONPs stabilized with BBS. TEM images show that both the size of the nanocrystals and their aggregation strongly depend on the BBS concentration used in the synthesis. In particular, under the conditions employed for the preparation of MBBS-35 particles, well-defined roughly spherical clusters with diameters of about 70–200 nm are observed.



BBS were also employed as nucleation directing agents in the synthesis of nanostructured core-shell MBBS@SiO2 and MBBS@TiO2 nanoparticles. Our results indicate that the obtained nanostructured magnetic core-shell nanomaterials using BBS can successfully be applied with good performance in different systems. In particular, MBBS@SiO2 showed to be an excellent nanocarrier of ibuprofen. The material achieves a 13% of drug loading capacity and around 90% of the cargo was released within 90 min. MBBS@SiO2 also were successfully employed as adsorbents for the quantitative removal of methylene blue from aqueous solution. On the other hand, MBBS@TiO2 was capable of degrading MB with the same efficiency of pristine TiO2. This excellent result shows that the BBS layer that covers the IONPs avoids formation of the unfavorable heterojunction between Fe3O4 and TiO2.
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Figure 1. TEM images of Fe3O4 (A), MBBS-35 (B), MBBS-200 (C) y MBBS-1000 (D). 
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Figure 2. (A) FTIR spectra of MBBS nanoparticles. The main relevant peaks are labeled. (B) XRD diffraction patterns of MBBS nanoparticles. The indexed labels identify the miller indices of the Fe3O4 phases. 
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Figure 3. (A) Total organic matter (%) determined from the TGA vs. Mass of BBS used during synthesis (mg) for MBBS samples; (B) magnetization of saturation (emu g−1) and Coercivity as a function of organic matter (%) determined from the TGA for MBBS samples. 
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Figure 4. (A,B) TEM images of MBBS@SiO2. 
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Figure 5. Wide-angle XRD patterns (A) and small-angle XRD (B) patterns of MBBS@SiO2. The indexed labels identify the miller indices of the Fe3O4 phases (A) and Bragg reflections of MCM-41 (B). 






Figure 5. Wide-angle XRD patterns (A) and small-angle XRD (B) patterns of MBBS@SiO2. The indexed labels identify the miller indices of the Fe3O4 phases (A) and Bragg reflections of MCM-41 (B).



[image: Inorganics 11 00046 g005]







[image: Inorganics 11 00046 g006 550] 





Figure 6. (A,B) TEM images of MBBS@TiO2. 
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Figure 7. (A) Ibuprofen release from MBBS@mSiO2 (T = 25 °C pH = 6.0) (B) MB removal from water using MBBS@mSiO2 as adsorbent ([MB]0 = 10 mg L−1; MBBS@mSiO2 dosage = 500 mg L−1, T = 25 °C pH = 6.0). 
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Figure 8. Photocatalytic activities of MBBS@TiO2 and TiO2. [MB]0 = 5 mg L−1; load MBBS@TiO2 = 120 mg L−1; load TiO2 = 40 mg L−1; pH = 6. 
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